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1. Introduction 

Toxic elements a r e  present  i n  t r a c e  quan t i t i e s  i n  coa l  and o the r  f o s s i l  fue l s .  
Since the q u a n t i t i e s  of t h e s e  f u e l s  consumed each year a r e  enormous, t h e  assoc ia ted  
q u a n t i t i e s  of p o t e n t i a l l y  harmful t ox ic  elements a r e  a l s o  appreciable.  For example, 
assuming 600 mi l l ion  tons  of coa l  burned per year i n  the  United S t a t e s ,  with 
average concentrations*** fo r  Hg of 0.10 p p ,  Pb-20, Cd-0.4, As-5, Se-5, Sb-4, V-25, 
Zn-200, Ni-100, Cr-20, and Be-2, t he  corresponding tonnages o f  t he  elements a re :  
Hg-60, Pb-12,000, Cd-240, As-3000, Se-3000, Sb-2400, V-15,000, Zn-120,000, Ni-60,000, 
Cr-12,000, and Be-1200. 

An appreciable f r a c t i o n  (62%) of the coa l  consumed is burned a t  cen t r a l  power 
s t a t i o n s ,  so it is important t o  know the f a t e  of p o t e n t i a l l y  hazardous t r a c e  elements 
a t  such p l an t s .  The purpose of t h i s  work is t o  determine the  f a t e  of t r ace  elements 
i n  coal assoc ia ted  with genera t ion  o f  e l e c t r i c i t y  a t  a l a rge  c e n t r a l  power s t a t ion .  
The study involves two complementary a c t i v i t i e s :  (1) a mass balance f o r  t r ace  
elements through the  p l a n t  a s  obtained by in-p lan t  sampling, and (2) measurements 
of the elements i n  the  surroundings t o  estimate the  e f f e c t  of emissions on  t h e  
concentration of t ox ic  elements i n  a i r ,  s o i l ,  p l an t  l i f e ,  and in the  water, sedi-  
ment, and b io ta  of the  stream rece iv ing  the  ash pond runoff .  This paper dea ls  
with the  in-plant por t ion  of t he  work, which is a co l l abora t ive  e f f o r t  between OWL 
and TVA. 

The power s t a t i o n  a t  which t h e  study w a s  made is the  Thomas A. Allen S t e a m  P lan t  
i n  Memphis, Tennessee, which has an 870 MW(e) peak capacity from three  similar 
cyclone fed bo i l e r s .  The p lan t  is part of the  TVA power system, and it was chosen 
because the  Number 2 Unit was being renovated with addi t ion  of a new Lodge C o t t r e l l  
e l e c t r o s t a t i c  p r e c i p i t a t o r  so t h e  TVA Power Production Division test  sampling crew 
were ava i lab le  t o  help sample during compliance t e s t i n g  of t he  p rec ip i t a to r .  

2 .  Sampling and Methods of Analysis 

Figure 1 shows the  sampling poin ts  on a schematic of the N d e r  2 U n i t .  Samples 
taken a t  l oca t ions  Number 1 and 2 were composite samples of t h e  coa l  en ter ing  t h e  
h i i e r ,  an6 oi rne  s i a g  ma te r i a l  leaving t h e  b o i l e r ,  respec t ive ly .  A t  loca t ion  Number 
3 the  i n l e t  a i r  being supplied t o  t h e  bo i l e r  w a s  sampled. A t  l oca t ions  4 and 5 a 
s e r i e s  of samples were taken  i sok ine t i ca l ly  a t  various loca t ions  in  t h e  duc ts  before 
and a f t e r  t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r ,  respec t ive ly ;  and a t  l oca t ion  6 a s e r i e s  
of  samples were taken i s o k i n e t i c a l l y  in  t h e  stack a t  approximately 82 m above ground 
l eve l .  

The l a r g e  s i z e  of t he  duc ts  being sampled required spec ia l ly  fabr ica ted  sampling 

~ ~ * 
Work supported by t h e  National Science Foundation PANN Program under NSF 

Operated by Union Carbide Corporation f o r  t h e  U.S. Atomic Energy Commission, 

These concentrations a r e  representa t ive  of values measured fo r  coa l  burned 

Interagency Agreement No. AG-398 with the U.S.  Atomic Energy Commission. 

Contract No. W-7405-eng-26. 

a t  t h e  Allen S t e a m  Plan t .  

** 

*** 



115 

probes and spec ia l  probes equipped with forward-reverse p i t o t  tubes f o r  determining 
i sok ine t i c  sampling r a t e s .  Figure 2 shows how t h e  sampling probe w a s  constructed.  
The sample is drawn through an alundum thimble a t  a predetermined i s o k i n e t i c  sampling 
r a t e .  This thimble is followed by a Gelman f ibe rg la s s  f i l t e r  paper holder which 
c o l l e c t s  p a r t i c l e s  as  small a s  0.1 p .  This i s  e s s e n t i a l l y  t h e  standard ASTM method 
f o r  sampling gases f o r  pa r t i cu1a te s . l  
co ld  t r a p  t o  br ing  the  f lue  gas through the  dew poin t  very quickly and c o l l e c t  a l l  
mater ia l s  which w i l l  condense in  a dry t r ap .  Because of t h e  very high concentra- 
t i o n  of moisture in  the  f lue  gas it was necessary t o  add a dropout g l a s s  j a r  follow- 
ing t h i s  cold t r a p  t o  prevent loss of t h e  condensate. The cold t r a p  and condensate 
dropout j a r  were used in  an attempt t o  t r a p  mercury and o ther  condensable vapors 
from the  f l u e  gas sample. 

These f i l t e r s  a r e  then followed by the  

Two probes were fabr ica ted  f o r  sampling the  p r e c i p i t a t o r  i n l e t ,  one f o r  the  
p rec ip i t a to r  o u t l e t  and one f o r  t he  s tack .  By l imi t ing  the number o f  test  poin ts  
a t  each plane in  the p r e c i p i t a t o r  o u t l e t  the  average sampling time requi red  t o  com- 
p l e t e  a test was about 280 t o  300 minutes. The types and numbers of samples 
co l lec ted  fo r  each complete run a r e  shown in  Table 1. The t o t a l  number is 24 d i s -  
t i n c t  samples f o r  each complete t e s t  run. 

Table 1. Types and numbers of samples 

Composite Coal Sample - 1 

Composite Slag Tank Sample - 1 

Precipitator Inlet - 6 thimbles, 2 cold traps, 2 glass papers 

Recipitator Outlet - 4 thimbles, I cold trap, 1 f i ler paper 

Stack Sample - 2 thimbles, I trap, I glass paper 

Inlet Air - 1 thimble and 1 glass paper 

Although the  p lan t  is designed t o  operate a t  290 MW per u n i t ,  a 240 MW load w a s  
chosen f o r  these t e s t s  because it was f e l t  t h a t  t h i s  load could be maintained 
without in te r rupt ion  during the  5-hour sampling time requi red  t o  secure  our samples. 
The consumption of coa l  a t  t h i s  power l eve l  is 82.5 tons  per hour on a dry  weight 
bas i s .  Sampling of the  coal and s l a g  was performed by compositing samples obtained 
per iodica l ly  during the  course of t he  test .  From the  weight of f l y  ash material 
co l lec ted  i n  the ASTM f i l t e r  system, the  t o t a l  a i r  volume passed through the  thimble, 
and the  ve loc i ty  of a i r  passing through the  system, the  t o t a l  p a r t i c u l a t e  flow r a t e  
was ca lcu la ted .  In a l l ,  four runs were made, 1 reference t e s t ,  and 3 f o r  mass 
balance (runs 5 ,  7 ,  and 9). A gas ve loc i ty  t r ave r se  was made in  the  p r e c i p i t a t o r  
i n l e t  and o u t l e t  ducts j u s t  p r i o r  t o  each mass balance run t o  determine i sok ine t i c  
sampling rates f o r  each sampling pos i t i on .  

I 
The reference test w a s  performed using t h e  standard ASTM method f o r  determining 

g ra in  loadings t o  e l e c t r o s t a t i c  p rec ip i t a to r s .  
adequacy of the  number of samples secured f o r  mass balance ca l cu la t ions .  
of grain loading ca lcu la t ions  using TVA standard probes and ORNL f ab r i ca t ed  probes 
show the mass balance samples a r e ,  indeed, representa t ive .  

This t e s t  w a s  used t o  v e r i f y  the  
Comparison 

Analysis of the samples f o r  elemental cons t i t uen t s  was perforlned using ins t ru-  
mented neutron ac t iva t ion  ana lys i s  (NAA) and spark-source mass spectrometry (SSMS) 
I n  addi t ion ,  the many Hg determinations were made by flameless atomic absorption 
(A?+). 

The NAA technique involved i r r a d i a t i n g  each dry homogenized sample (0.01 t o  
0.2 g) i n  a sealed p l a s t i c  v i a l .  This v i a l  was placed i n  a " rabbi t"  toge ther  with t 
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AU and Mn flux monitors and i r r ad ia t ed  i n  the  Oak Ridge Research Reactor f o r  a 
period varying from a few seconds ( fo r  sho r t  l i ved  rad ioac t ive  products ) ,  t o  20 
minutes. A f t e r  i r r a d i a t i o n  the  samples were removed and counted a t  var ious  set 
decay t i m e s  using a Ge(Li) de t ec to r  and a nuclear-data PDP-15 ana lyzer  computer 
system. Using programs developed a t  OWL, these  cour t ing  da ta  w e r e  processed, and 
x-ray peaks i d e n t i f i e d ,  absolu te  a c t i v i t i e s  ca l cu la t ed ,  and from the  f lux  measure- 
menc and known nuclear parameters,  tiii p g j g  of each ileiitent foiind %is calcii lated.  
Results i n  a l l  cases  have a 5-10% uncer ta in ty  assignment. The e n t i r e  process i s  
nondestructive in  t h a t  no chemical treatment is performed, so the re  is only a mini- 
m a l  chance of sample contamination o r  loss. 

The flameless atomic absorption method has a r ep roduc ib i l i t y  o f  about 2% o r  
b e t t e r  for homogeneous specimens. Checks3 between AA and NAA (with radiochemical 
separa t ion  a f t e r  i r r a d i a t i o n )  and isotope d i l u t i o n  spark source mass spectroscopy 
on thoroughly homogenized tuna f i s h  and Bureau of Mines round-robin coa l  specimens 
ind ica t e  good agreement between the  methods. (0.425 f 0.9%, 0.45 lr 3.5%, and 
0.45 ? 4.49 f o r  tuna by AA, NAA, and SSMS, respec t ive ly ,  and 1.004 is t h e  average 
ratio of NAA t o  AA r e s u l t s  f o r  5 coa l  samples.) These resu l t s  i nd ica t e  t h a t  t h e  
technique used in  sample prepara t ion  f o r  AA d i d  not  r e s u l t  i n  mercury lo s ses  s ince  
t h e  NAA method is not  subject t o  lo s ses  of t h i s  type. 

Spark-source mass spectrometry (SSMS) is a l s o  a multi-element technique; con- 
vent iona l ly  the  da t a  obtained are  semi-quantitative and the  r e s u l t s  have an uncer- 
t a i n t y  of i 50% o r  less. I f  the  s t ab le  isotope d i l u t i o n  technique is performed, t h e  
SSMS can be 2 3%. This la t ter  technique was used fo r  a few elements: Pb, Cd, and 
Zn a s  noted i n  the  t abu la t ions  of r e s u l t s .  NAA and SSMS complement each o ther  q u i t e  
w e l l ,  and those elements f o r  which one technique has poor s e n s i t i v i t y  can usua l ly  be 
measured by  t he  o the r .  

3 .  Mass Balance Results 

A mass balance f o r  t h e  various elements was ca lcu la ted  using the  following 
equations : 

Q (A) = c ( A )  x (g  coal/min) 

Q S q T . ( A )  = C (A)  x (g  ash i n  coal/min - g f l y  ash to  (3 )  
precipitator/min) S.T. 

f o r  balance: 

x 100 percent imbalance = %.I. + ‘S.T. - Qc 

Qc 
(5) 

Qc(A)  , Qp.I. (A) and Q S a T  (A) a r e  t h e  flow r a t e s  of element A i n  g/min associated 

with the coa l ,  p r e c i p i t a t o r  i n l e t  f l y  ash ,  and s l a g  tank s o l i d s ,  respec t ive ly ,  and I 

C c ( A )  , Cp.I .  (A)  and CS.T.  (A) a re  t h e  corresponsing concentrations of element A i n  

t he  coa l ,  the f l y  ash co l l ec t ed  i n  the p r e c i p i t a t o r  i n l e t ,  and the  s l ag  tank so l ids .  
The flow of t r a c e  elements i n t o  t h e  p l an t  with suspended p a r t i c u l a t e s  i n  i n l e t  a i r  
w a s  negl ig ib le .  We were unable t o  measure the  t o t a l  s o l i d s  flow from t h e  s lag  
tank because of t he  na ture  of t h i s  discharge.  (Every four hours the  s l ag  tank 
res idue  is  washed ou t  t o  the  ash pond with 2-4 hundred thousand ga l lons  of water.) 
For t h i s  reason w e  estimated the  s l a g  tank  discharge as the  d i f fe rence  between 
ash flow r a t e  i n  t h e  coa l  and the t o t a l  f l y  ash flow r a t e .  
assumption is va l id ,  t h a t  the  sampling was complete and representa t ive ,  and t h a t  

Presuming t h a t  t h i s  

i 
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t h e  analyses a r e  co r rec t ,  t h e  condi t ion  f o r  balance is given by equation 4 .  TO t e s t  
t h i s  w e  have ca lcu la ted  a percent imbalance from experimental r e s u l t s  by equation 5. 
Also, t h e  p rec ip i t a to r  e f f i c i ency  f o r  an  element w a s  ca lcu la ted  by 

x 100 (6) 
Q P e I . ( A )  - Q P . O . ( A )  

QP.1. (A) 
P rec ip i t a to r  e f f ic iency  = 

The r e s u l t s  of the  mass balance ca l cu la t ions  f o r  8 major elements and 22 minor 
elements fo r  run 9 a r e  given in  Tables 2 and 3 ,  together with the  corresponding con- 
cen t r a t ions  i n  the coa l ,  p rec ip i t a to r  i n l e t  and o u t l e t  f l y  ash,  and i n  t h e  s l ag  

progress repor t  of the p ro jec t4  and t h i s  includes some da ta  f o r  57 elements. 
, tank so l id s .  A complete tabula t ion  of r e s u l t s  f o r  a l l  th ree  runs i s  given i n  a 

I n  genera l ,  agreement between the  two ana ly t i ca l  methods i s  reasonable.  There 
i s  a cons i s t en t  negative imbalance, the  average of which w a s  -26% and -16% f o r  NAA 
and SSMS r e s u l t s ,  respec t ive ly ,  fo r  the  major elements and -1% and -18% f o r  t he  
minor elements. I n  the  averages f o r  minor elements we  have excluded the  r e s u l t s  f o r  
Hg and A s .  I n  view of t he  assumptions necessary and the  d i f f i c u l t y  of ob ta in ing  
t r u l y  representa t ive  samples the  balance is  sa t i s f ac to ry  f o r  most elements. 
Notable exceptions a r e  elements which can be present  i n  a gaseous form. One may 
be a r sen ic  (Table 3) and another is mercury which is discussed below. One reason 
for  the  cons is ten t  negative imbalance could be t h a t  f l y  a sh  samples were taken under 
steady s t a t e  conditions.  Two opera t ions  were not inves t iga ted  and these  might account 
f o r  t h i s  imbalance. The a i r  hea te rs  a r e  cleaned pneumatically once per  8-hour s h i f t ,  
and soo t  is blown from the  b o i l e r  tubes about two t i m e s  per s h i f t .  If t h i s  mater ia l  
were measured it would increase  the average f l y  ash flow r a t e  (Q p . I . ) .  I t  is not  

known whether o r  not these operations can account fo r  a s i g n i f i c a n t  percentage of  
the  t r a c e  elements. Future in-plant sampling w i l l  include these two operations.  

A s  i n  the case of the  s lag  tank the re  was no way t o  quan t i t a t ive ly  measure the  
p rec ip i t a to r  residue flow r a t e .  These res idues  a r e  s l u r r i e d  with water and flushed 
continuously t o  the  ash pond. However, f o r  a l l  of t h e  elements except selenium 
the  p rec ip i t a to r  was extremely e f f i c i e n t  (> 95%) a s  ca lcu la ted  from the  i n l e t  and 
o u t l e t  f l y  ash concentrations using equation 6. The reason t h a t  selenium f a i l s  t o  
be scavenged e f f ec t ive ly  is not known and c e r t a i n l y  warrants inves t iga t ion .  One 
p o s s i b i l i t y  is t h a t  pa r t  of the  selenium is i n  a v o l a t i l e  s t a t e  but is  read i ly  ad- 
sorbed on pa r t i cu la t e s  trapped by the  alundum thimbles. 

Mercury has been determined on' v i r t u a l l y  every sample ( the  f i l t e r s ,  co ld  t r a p  
and s l ag  tank water and r e s idue ) .  We a r e  unable, however, to- f ind  t h e  bulk of the  
Hg t h a t  we know is en ter ing  the  system v ia  the  coa l .  From t h i s  we conclude t h a t  Hg 
is  present  i n  the stack gas a s  a vapor which we were unable t o  t r ap .  

Table 4 gives a l l  of the  values obtained f o r  Hg i n  coa l  which range from .OS7 
t o  .198 ppm, but most va lues  a re  i n  the  range of 0.07 ppm. Our  attempt a t  a Hg 
balance fo r  runs 5 and 9 is shown i n  Table 5. From these  numbers it i s  c l e a r  t h a t  
very l i t t l e  mercury ( s  1 2 % )  remains with the  s l ag  and f l y  ash p a r t i c l e s .  The cold 
t r a p  w a s  not e f f ec t ive  i n  trapping Hg vapor (* 11%). The r e s u l t s  a r e  in  q u a l i t a t i v e  
agreement with those of B i l l i ngs  and Matson,' except t h a t  these  authors were able 
t o  c o l l e c t  t he  Hg in  the  gas phase. Their da ta  shows t h a t  most o f ' t h e  Hg is in  the  
gas phase which can a l s o  be implied f r o m  our r e s u l t s .  I 

i' Recently, we returned t o  the Allen p l an t  and sampled t h e  f l u e  gas using a four 
impinger t r a i n  with a pre-scrubber of sodium carbonate t o  remove t h e  ac id  gases ,  
followed by th ree  impingers charged with iodine monochloride so lu t ion .  Preliminary ' 

r e s u l t s  show t h a t  mercury w a s  co l l ec t ed  and q u a n t i t i e s  de tec ted  were of t h e  expected 
magnitude based on Hg concentrations i n  the  coa l  which we had measured previously.  
This technique w i l l  be used f o r  the  Hg balance a t  t h e  next in-plant sampling. 

I 
I 
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Table 5. Hg balance 

Table 4. Hg in cod as determined Material Average Flow Hg Hg Flow 
by atomic absorption dday wdr glday 

Sample Date Hgoldr) RU15 
Coal 1.8 x IO9 0.064 115 
Ash (Slag) 

2 ECS 24 

5CS24AM 28 Jan 0.064 0.063 Precipitator Inlet 0.96 X 10' 0.04 4 

l E C S  26 AM 31 Ian 0.198 Cas (Cold Trap) 4.3 X 10" 0.0003 13 
l E C S  26PM 31 Jan 0.169 0.148 0.136 

9ECS 16 AM 1 Feb 0.016 0.060 
9ECS 16PM 1 Feb 0.060 0.058 

1.43 x lo8 0.07 IO 

5CS24PM 28 Jan 0.069 0.058 HzO to Ash Pond 2.9 x IO9 0.003 9 

26 Jan 0.057 

RU19 
coal 1.8 X lo9 0.064 115 
Ash (Slag) 1.58 x 108 0.09 14 

10E CS 19 AM 2 Feb 0.068 Precipitator Inlet 0.10 X lo8 0.043 3 
1OE CS 19 PM 2 Feb 0.013 H20 to Ash Pond 2.9 X IO9 0.001 3 
11E CS 3 Feb 0.060 Cas (Cold Trap) 4.4 X 10" 0.0003 13 

4 .  Fly Ash Particle Character izat ion 

Figure 3 shows scanning e lec t ron  photomicrographs of f l y  ash p a r t i c l e s  from t h e  
p r e c i p i t a t o r  i n l e t  and o u t l e t  and from the s tack .  The p a r t i c l e s  a r e  predominantly 
spher ica l  and there  is considerable  aglomeration of small p a r t i c l e s  (submicron s i z e )  
t o  la rge  ones. A l s o ,  t h e r e  appears t o  be a fuzzy mater ia l  present  which might be a 
s u l f u r  compound. Preliminary evidence f o r  t h i s  is scanning e lec t ron  microscope 
fluorescence analyses  of some of the  l a r g e r  p a r t i c l e s  deposi ted from the  p r e c i p i t a t o r  
i n l e t  f l u e  gas on the f i r s t  s tage  of a Cassel la  cascade impactor. Figure 4 shows 
such an analysis .  A l l  of the  fluorescence l i n e s ,  except aluminum, can be a t t r i b u t e d  
t o  the p a r t i c l e s .  
aluminum peak is  due pr imar i ly  t o  the  f o i l .  Upon ion  etching by bombardment with 
argon ions ,  the s u l f u r  peak decreased s u b s t a n t i a l l y  ind ica t ing  s u l f u r  was present  
pr imari ly  on  t h e  surface of the p a r t i c l e s .  As one would expect ,  the  preliminary 
evidence is tha t  the  f l y  ash p a r t i c l e s  a r e  a complicated mixture of the  elements. 

Since the  p a r t i c l e s  w e r e  c o l l e c t e d  on an aluminum f o i l  the  

Work is s t i l l  i n  progress  on determining the  p a r t i c l e  s i z e  d i s t i i b u t i o n  i n  the  
f l u e  gases hefore and a f t e r  the  p r e c i p i t a t o r ,  and i n  the  s tack .  Also, composition 
of f l y  ash as a funct ion of p a r t i c l e  s i z e  is i n  progress. 

5 .  Conclusions 

Trace element mass balance measurements around the Number 2 Unit of the coal- 
f i r e d  A l l e n  Steam Plant  i n  Memphis yielded a respec tab le  balance f o r  many elements. 

t o  the f a c t  t h a t  soot  blowing and a i r  heater  c leaning operat ions were not taken 
in to  account i n  t h e  sampling. Because the method of  f l u e  gas sampling was designed 
pr imari ly  t o  c o l l e c t  p a r t i c u l a t e s  e f f i c i e n t l y ,  good balances were not obtained 
f o r  elements forming v o l a t i l e  compounds. For example, more than 80% of the mercury 
en ter ing  w i t h  the coal is emitted with the  f l u e  gas a s  a vapor. The l a r g e  imbalance 
f o r  a r s e n i c  ( - 5 8 % ,  Table 3)  ind ica tes  t h a t  a Gubstant ia l  port ion of t h i s  element 
i s  a l s o  i n  t h e  vapor phase of t h e  f l u e  gas .  

However, t h e  results s h n w d  a c n n c i c t . e n t  n y r t i v o  imhalan- ,= .  T h i s  m i n h t  ho At>.= 

The e l e c t r o s t a t i c  p r e c i p i t a t o r  was very e f f i c i e n t  (?. 98%) f o r  most t r a c e  elements 
based on analyses  of the f l y  ash p a r t i c u l a t e  specimens co l lec ted  from the p r e c i p i t a t o r  
i n l e t  and o u t l e t .  An exception was selenium. Although a reasonable mass balance 
was obtained f o r  t h i s  element (see NAA r e s u l t s ,  Table 3 ) ,  it w a s  not  removed e f f i -  
c i e n t l y  by t h e  p r e c i p i t a t o r .  This may indica te  t h a t  a s i g n i f i c a n t  f r a c t i o n  of the  
mater ia l  is in  t h e  vapor phase in the  f l u e  gas ,  and t h a t  it is being adsorbed in  
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passing through t h e  alundum thimble f i l t e r  used t o  sample the  f l y  ash.  Accounting 
more completely for t h e  v o l a t i l e  t r a c e  elements such a s  Hg, Se, and AS remains the  
most s ign i f i can t  quest ion s t i l l  t o  be answered i n  fu tu re  mass balance work. 
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Fig. 1. Schematic of N u m b e r  2 Unit, Allen S team P lan t ,  Memphis. 
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Fig. 2 .  Schematic of Sampling Probe Used for Mass Balance Study. 
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Fig. 3 .  Scanning Electron Photomicrographs of Fly Ash Pa r t i cu la t e s  
Collected on Alundum Thimbles Used t o  Sample the P rec ip i t a to r  
I n l e t  and Outlet  and the Stack. 
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Fig. 4.  Qualitative Fluorescence Analysis of a 5 P Fly Ash P a r t i c l e  
Trapped on the F i r s t  Stage of the Cassella Cascade Impactor Used 
t o  Sample the  Precipi ta tor  I n l e t .  


